This paper presents the design and implementation of an LED lighting module powered by a wireless power transfer system. The overall system achieves an efficiency of 82% with an output power of 36 W when the load resistance in the receiver is 30 Ω, which is the turn-on resistance of the LED lighting module. The transmitter of the system adopts Class-E power amplifier structure instead of Class-D, to decrease the number of transistors and its cost. The coils of the system are designed by electromagnetic coupling methodology and realized by Litz wire to reach high efficiency. Matching circuits between the system blocks are also discussed in this paper in order to obtain the excellent system performance.
Introduction
Recently, interest in wireless power transfer (WPT) technology has been growing substantially. This technology can be applied to charge or power electronic devices wirelessly. WPT further contributes to technical fields such as medical science and automobile industry. A WPT system consists of a transmitter, coupling coils, a receiver, and matching circuits. The matching circuits between each system block are introduced to transform the impedance in order to confirm the system blocks operate at correct input and output impedance condition. However, the matching design depends on the load resistance in the receiver. When the resistance changes, the efficiency of the receiver drops due to the mismatch, resulting in a drop in coupling coefficient which consequently causes a drop in efficiencies of the transmitter and overall system. In this study, the turn-on resistance of the LED module is 30 Ω, thus, the system design is based on this condition.
Another design challenge is the transmitter circuit. It determines the performance of WPT systems. Generally, Class-D power amplifiers are chosen to realize the transmitter, but it requires at least two transistors to achieve zero voltage switching (ZVS), increasing the cost of products and introducing process yield problems. This study selects Class-E power amplifier circuit structure which is also a switching type amplifier. It has fewer components with high reliability and a low-cost advantage, with a theoretical efficiency of 100%. [1] However, compared to Class-D power amplifiers, Class-E power amplifiers are more sensitive to the output impedance. Understanding the methodology on how to design an accurate output impedance of the Class-E power amplifier is the crucial aspect in the system implementation. In this study, the matching circuit between the Class-E power amplifier and transmitting coil is combined with the capacitor of the resonating circuit in the Class-E power amplifier, simplifying the system structure while keeping the same performance.
Three main methodologies are introduced to achieve wireless power transmission, including electromagnetic coupling, magnetic resonance, and microwave power transmission. [2, 3] Among these technologies, electromagnetic coupling is the most suitable solution for LED lighting applications. It can achieve efficiency levels of at least 70% for distances of several millimeters to several centimeters between the transmitting and receiving coil.
For designing the coils, the quality factor Q is the key parameter. In order to obtain the high quality factor, this study uses Litz wire to fabricate the coils to improve the efficiency.
In this paper, section 2 describes the design and mea- shows the LED lighting module powered by the designed WPT circuit. Finally, the conclusion of this work is presented in section 5. Figure 1 shows the schematic diagram of the Class-E power amplifier which is used to convert DC power to AC power. The output power capability of a WPT system is related to the maximum output power of the DC-AC inverter. In order to obtain a higher output power, the value of load resistor R of the Class-E power amplifier should be smaller. That is because the Class-E power amplifier will be driven by a higher current, and the output power will dramatically increase when the biasing voltage is at the same condition. However, according to the equations listed in [3] , the Class-E power amplifier needs a smaller C1 to operate normally when a smaller R is chosen. Therefore, a transistor with small parasitic capacitance C ds is a better choice to design a high output power
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Class-E power amplifier. [4] In this study, the transistor IRF640 with less than 200 pF parasitic capacitor C ds was selected when the drain to source voltage is over 30 V.
Considering the value of load resistor R should be higher than parasitic resistance of L2 to reduce the power loss in the inductor, a 10 Ω load resistor was used to be the initial condition for the equations listed in [3] . Selecting 240 kHz as the operating frequency, the other component values are L1 = 500 µH, C1 = 14.4 nF, C2 = 54 nF, L2 = 18 µH. Considering the maximum output power is over 38 W, these components have the characteristic of high voltage and current rating. The quality factor of the components was also considered to reduce the power loss in the components. The 240 kHz clock operating the transistor M1 is generated by Agilent 33521A waveform generator. Figure   2 shows the implemented Class-E power amplifier. 
34
Transactions of The Japan Institute of Electronics Packaging Vol. 6, No. 1, 2013 forms more efficiently when it is driven by clock signals with the amplitude over 5.5 V. The quality factor of the designed coils is higher than 150.
Design and Verification of WPT System
It proves that Litz wire has excellent performance to implement low loss electromagnetic coupling coils. The fullbridge rectifier, composed of four SK310A diodes and a capacitor C4 of 68 uF, was selected to convert the AC power to DC power. The series-series matching network structure [5, 6] is chosen to transform the impedance in order to ensure the system blocks operating with correct input and output impedances when the load resistance R is 30 Ω. C2 of 38 nF, combining the capacitor of the resonator in the Class-E power amplifier with the capacitance from series matching network, is designed to obtain the maximum power transmission. C3 of 10 nF performs the same role. The photograph of the WPT system is shown in Fig. 8 . 
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Conclusion
In this study, a 36 W wireless power transfer system with 82% efficiency had been developed to power an LED lighting module. Due to the sensitivity to load variation in the WPT system, the load is fixed to 30 Ω to meet the turnon resistance of the lighting module. In this load condition, it is confirmed that the system can achieve the best output power and efficiency when it is connected to the module.
The measured result proves that the wireless power transfer technology is a suitable solution for powering this type of appliances.
The Class-E power amplifier was chosen as the DC-AC inverter of the WPT system, achieving 38.1 W output power with 93% efficiency. In the design, the small load resistance and the transistor with low parasitic capacitance were selected to generate higher current, yielding more output power. Choosing high quality passive components also reduced the power loss, thus improving the circuit efficiency. The wireless power transfer was realized by using electromagnetic coupling technology and Litz wire, which achieved a good power transfer performance at a distance of 5 mm between coils. In addition, the matching networks were used to enable each system block to operate at the correct input and output impedance condition.
For the future work, the sensitivity to load variation which causes the system performance to degrade must be solved. This situation appears when the WPT technology is used to charge batteries. The impedance looking into a battery is changing during the charging period, which means that the WPT system cannot operate at the optimal load condition. How to maintain a good system efficiency while the system load is changing is a challenging problem in practical applications. 
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